This paper presents the first comprehensive major and trace element data for $130 abyssal peridotite samples from the Pacific and Indian ocean ridge-transform systems. The data reveal important features about the petrogenesis of these rocks, mantle melting and melt extraction processes beneath ocean ridges, and elemental behaviours. Although abyssal peridotites are serpentinized, and have also experienced seafloor weathering, magmatic signatures remain well preserved in the bulk-rock compositions. The better inverse correlation of MgO with progressively heavier rare earth elements (REE) reflects varying amounts of melt depletion. This melt depletion may result from recent sub-ridge mantle melting, but could also be inherited from previous melt extraction events from the fertile mantle source. Light REE (LREE) in bulk-rock samples are more enriched, not more depleted, than in the constituent clinopyroxenes (cpx) of the same sample suites. If the cpx LREE record sub-ridge mantle melting processes, then the bulk-rock LREE must reflect post-melting refertilization. The significant correlations of LREE (e.g. La, Ce, Pr, Nd) with immobile high field strength elements (HFSE, e.g. Nb and Zr) suggest that enrichments of both LREE and HFSE resulted from a common magmatic process. The refertilization takes place in the 'cold' thermal boundary layer (TBL) beneath ridges through which the ascending melts migrate and interact with the advanced residues. The refertilization apparently did not affect the cpx relics analyzed for trace elements. This observation suggests grain-boundary porous melt migration in the TBL. The ascending melts may not be thermally 'reactive', and thus may have affected only cpx rims, which, together with precipitated olivine, entrapped melt, and the rest of the rock, were subsequently serpentinized. Very large variations in bulk-rock Zr/Hf and Nb/Ta ratios are observed, which are unexpected. The correlation between the two ratios is consistent with observations on basalts that D Zr /D Hf < 1 and D Nb /D Ta < 1. Given the identical charges (5 þ for Nb and Ta; 4 þ for Zr and Hf ) and essentially the same ionic radii (R Nb /R Ta ¼ 1Á000 and R Zr / R Hf ¼ 1Á006-1Á026), yet a factor of $2 mass differences (M Zr /M Hf ¼ 0Á511 and M Nb /M Ta ¼ 0Á513), it is hypothesized that mass-dependent D values, or diffusion or mass-transfer rates may be important in causing elemental fractionations during porous melt migration in the TBL. It is also possible that some 'exotic' phases with highly fractionated Zr/Hf and Nb/Ta ratios may exist in these rocks, thus having 'nugget' effects on the bulkrock analyses. All these hypotheses need testing by constraining the storage and distribution of all the incompatible trace elements in mantle peridotite. As serpentine contains up to 13 wt % H 2 O, and is stable up to 7 GPa before it is transformed to dense hydrous magnesium silicate phases that are stable at pressures of $5-50 GPa, it is possible that the serpentinized peridotites may survive, at least partly, subduction-zone dehydration, and transport large amounts of H 2 O (also Ba, Rb, Cs, K, U, Sr, Pb, etc. with elevated U/Pb ratios) into the deep mantle. The latter may contribute to the HIMU component in the source regions of some oceanic basalts.
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INTRODUCTION
The global mid-ocean ridge system is the dynamic expression of the mantle circulation system that governs plate tectonics. Ocean ridge magmatism, which creates the oceanic crust, has received much attention by the Earth Science community since the advent of plate tectonics theory over 30 years ago. It is now widely accepted that plate separation at ocean ridges causes the mantle beneath to rise and to partially melt by decompression. Abyssal peridotites and igneous ocean crust are the two complementary products of such decompression melting. Igneous crust [mid-ocean ridge basalts (MORB) plus dikes and lower-crustal gabbros] represents solidified partial melts whereas abyssal peridotites are melting residues tectonically exposed along fracture zones, within transforms, and locally on rift valley floors at some slow-spreading ridges.
Studies of the two melting products have led to our current notion that mantle potential temperature variation (e.g. Michael & Bonatti, 1985; Klein & Langmuir, 1987; McKenzie & Bickle, 1988; Dick, 1989; Johnson et al., 1990; Niu & Batiza, 1991; Langmuir et al., 1992; , plate spreading rate variation (Niu, 1997; Niu & H e ekinian, 1997a) and mantle source compositional variation (e.g. Natland, 1989; Michael et al., 1994; Shen & Forsyth, 1995; Niu et al., 1996 Niu et al., , 2001 Niu et al., , 2002a are the three fundamental variables that determine the extent of mantle melting, MORB composition and ocean crust production . Nevertheless, details of mantle melting (e.g. Langmuir et al., 1992; Kelemen et al., 1997; Niu, 1997 Niu, , 1999 Asimow, 1999; Hirschmann et al., 1999; Walter, 1999; Asimow et al., 2001) and physical mechanisms of melt extraction and delivery to the very narrow axial zone of crustal accretion (e.g. Phipps Morgan, 1987; Sparks & Parmentier, 1991; Spiegelman & Kenyon, 1992; Spiegelman & Elliot, 1993; Kelemen et al., 1995 Kelemen et al., , 1997 Lundstrom et al., 1995; Niu et al., 1996; Niu, 1997; Forsyth et al., 1998; Asimow, 1999; Lundstrom, 2000; Spiegelman et al., 2001 ) remain somewhat elusive. Geophysical and theoretical approaches (e.g. Spiegelman, 1993; Aharonov et al., 1997; Toomey et al., 1998; Spiegelman et al., 2001) are useful, but the petrology and geochemistry of the melting products still provide most of the primary information. Current petrological and geochemical interpretations in these respects are, however, unconstrained. For example, to reveal details of mantle melting processes from studying MORB alone is not straightforward. Calculated melting parameters such as the extent and depth of melting from MORB compositions (e.g. Klein & Langmuir, 1987; Niu & Batiza, 1991; Langmuir et al., 1992) are arguably invalid if the mantle source composition proves to be heterogeneous on all scales (e.g. Natland, 1989 ; Albar e ede, 1992; Niu et al., 1996 Niu et al., , 1999 Niu et al., , 2001 Niu et al., , 2002a Niu, 1997) . To use MORB composition as a proxy for igneous ocean crust in models of chemical geodynamics (e.g. Hofmann, 1988) neglects the fact that MORB represent only a compositional end-member and constitute no more than $10-15% of the total crustal mass (e.g. Niu, 1997; Niu et al., 2002b; . The uncertainties in using MORB compositions to infer primary mantle melts are beyond evaluation without a clear knowledge of melt compositional change during its ascent through the mantle (O'Hara, 1985 (O'Hara, , 1995 (O'Hara, , 1998 Kelemen et al., 1997; Niu, 1997; Lundstrom, 2000; Spiegelman et al., 2001; O'Hara & Herzberg, 2002) and during rather complex magma chamber processes at ocean ridges (e.g. O'Hara, 1977; O'Hara & Mathews, 1981; Langmuir, 1989; Nielson, 1989; Batiza & Niu, 1992; Sinton & Detrick, 1992; O'Hara & Fry, 1996; Korenaga & Kelemen, 1997; O'Hara & Herzberg, 2002) as revealed in drill cores of oceanic lower-crustal gabbros (e.g. Dick et al., 2000 Dick et al., , 2002 Natland & Dick, 2001; Niu et al., 2002b) .
Abyssal peridotites, the mantle materials as such, should provide more direct information on mantle melting, melt extraction and post-melting processes. Indeed, not only established that abyssal peridotites are mantle melting residues for MORB, but also demonstrated, using primary mineral modes and compositions of these peridotites, that the extent of mantle melting is high beneath hotspot-influenced shallow ridges, and is low beneath deep ridges away from hotspots (also see Michael & Bonatti, 1985) . Johnson et al. (1990) argued that the trace element systematics of residual clinopyroxene (cpx) in abyssal peridotites results from perfect or near-perfect fractional melting. This latter argument has been widely used as the strongest evidence in support of fractional melting models for MORB genesis (e.g. Grove et al., 1992; Langmuir et al., 1992; Spiegelman & Kenyon, 1992; Turcotte & Phipps Morgan, 1992) . Recent abyssal peridotite studies (Niu, 1997; confirmed the melt-residue complementarity between MORB and abyssal peridotites, but also revealed the hidden complexities in these peridotites such as olivine addition and melt refertilization (also see Elthon, 1992; Niu & Hekinian, 1997b) . These same studies (Niu, 1997; immediately excited heated debates on the petrogenesis of abyssal peridotites (Asimow, 1999; Baker & Beckett, 1999; Niu, 1999 Niu, , 2003 Walter, 1999; Lundstrom, 2000) . Although such debates are useful for conceptual clarifications, a genuine understanding of the petrogenesis of abyssal peridotites remains out of reach because we do not have sufficient observations. For example, everything that has been said so far about abyssal peridotites in the literature, including those severe debates, is largely based on the same limited observations: modes and major element compositions of residual minerals, and some trace element data on residual cpx Dick, 1989; Johnson et al., 1990 ). Bulk-rock major and trace element data on a small sample suite from the Garrett Transform in the Pacific (Niu & Hekinian, 1997b) , which hinted at some surprises, have been overlooked, because they may be local phenomena with no global significance and because the scientific community has always been skeptical about the bulk-rock compositions of serpentinized peridotites.
In this paper, I report bulk-rock major and trace element analyses on $130 serpentinized abyssal peridotite samples from ridge-transform systems in the Pacific and Indian oceans. Apart from the small dataset from the Garrett Transform (Niu & H e ekinian, 1997b) , the data presented here are the first, largest and most comprehensive elemental dataset on abyssal peridotites thus far available. The samples analyzed also include those previously studied for residual cpx trace elements by ion probe Johnson & Dick, 1992) . These new data are surprising because (1) they cannot be explained by serpentinization or seafloor weathering; (2) they cannot be predicted from residual cpx compositions; (3) they are inconsistent with our mainstream models of mantle melting and melt extraction processes beneath ocean ridges; (4) both the abundances and systematics of many trace elements, particularly the high field strength elements (HFSE), cannot be readily explained with our present knowledge. Hence, the new data present us with an unprecedented opportunity to understand how the mantle works beneath ocean ridges in particular, and perhaps mantle dynamics in general. These data and their implications need to be considered in future models of mantle melting, melt extraction and post-melting processes beneath ocean ridges and models of chemical geodynamics.
The data presentation and discussion are organized as follows: (1) a brief description of the samples; (2) analytical methods and data; (3) a working model framework; (4) data and interpretations; (5) discussion: problems, solutions and hypotheses to be tested. All the interpretations presented here reflect the degrees to which I understand the first-order systematics of the entire dataset. No interpretations on details are attempted beyond data precision. My 'understanding' of each aspect of the data represents the best 'choice' among several conceivable possibilities. By no means do I claim that any of my preferred interpretations are correct at this stage, but I do mean to be objective and do advocate objectiveness. Alternative interpretations, so long as they are consistent with simple physics and other observations, are welcome.
SAMPLES
Roger H e ekinian (formerly IFREMER, France), Bob Fisher [Scripps Institution of Oceanography (SIO), USA], Henry Dick (Woods Hole Oceanographic Institution, USA) and Pat Castillo (SIO, USA) have generously provided me with $200 abyssal peridotite samples collected over the years from the Pacific, Indian and Atlantic ocean ridge-transform systems. These samples are highly (>60 vol. %) or entirely serpentinized. About 10 harzburgitic samples from the Garrett Transform were previously studied for both bulk-rock major and trace elements (Niu & H e ekinian, 1997b) . Of the rest of the samples, $130 have been analyzed so far for bulk-rock major and trace elements. These samples are specifically from the Pacific-Antarctic Ridge-transform systems in the southern Pacific (see Castillo et al., 1998) , Central Indian Ridge-transform systems (Engel & Fisher, 1969 , 1975 , Southwest Indian Ridge-transform systems (Fisher et al., 1987; Dick, 1989; Johnson et al., 1990) , and American-Antarctic Ridge-transform systems (Dick, 1989; Johnson et al., 1990) in the Indian Ocean. The petrography, mineral modal data and mineral compositions for most of these samples have been previously described and published by the above workers except for samples from the Pacific-Antarctic Ridge, whose detailed petrography, not particularly different from other sample suites (partially or entirely serpentinized), will be discussed separately. Sample size is generally small, varying in weight from 20 to 200 g. The material available for analysis is even less after making standard (30 mm thick) thin-sections for petrography and 'thick' ( $100 mm) 'thin-sections' for future laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis. Given the coarse grain size, even though partially or entirely serpentinized, the small sample size explains at least partly the geochemical scatter because of the modal heterogeneity at the scale of the sample size. Nevertheless, the first-order compositional trends defined by the elemental data are still revealing (see below).
ANALYTICAL METHODS AND DATA
All samples are fresh cuttings away from late veinlets (metamorphic or magmatic impregnation, etc.) and were thoroughly cleaned. Pen marks, saw marks, sticker residues, and other suspicious surface contaminants were ground off all samples. The samples were then reduced to 1-2 cm size using a percussion mill with minimal powder production. These centimeter-size rock pieces were then ultrasonically cleaned in Mili-Q water, dried, and powdered in a thoroughly cleaned agate mill in the clean laboratory at The University of Queensland (UQ). Sample powders in ultraclean vials were placed in a clean furnace at 110 C overnight before being weighed and acid digested. Because of small sample size, preciousness of the sample material, and to avoid contaminations, no traditional 'loss on ignitions' were made on these samples.
Bulk-rock major element oxides (SiO 2 , TiO 2 , Al 2 O 3 , FeO, MnO, MgO, CaO, Na 2 O, K 2 O, and P 2 O 5 ) were analyzed using a Perkin Elmer Optima 3300 DV inductively coupled plasma-optical emission spectroscopy (ICP-OES) system at UQ following the procedure of Kwiecien (1990) and Fang & Niu (2003) . Precisions (1s) on serpentinized peridotites were determined on repeated analyses of French CNRS Georeference standard UB-U with means, standard deviations (1s) and RSD% (¼ 1s/Mean Â 100%) given in the last columns of Electronic Appendix 1 (downloadable from the Journal of Petrology website at http://www.petrology.oupjournals. org), which are close to or better than the certified working values. The data are presented in Electronic Appendix 1 on an anhydrous basis.
Bulk-rock minor and trace element (Li, Be, Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and U) abundances in these same samples were analyzed by ICP-MS on a Fisons PQ2 þ system at UQ with analytical conditions and procedures following Eggins et al. (1997) and Niu & Batiza (1997) except for sample digestion, which was done using high-pressure bombs to ensure complete digestion/dissolution (Niu et al., 2002b) . Some samples were digested and analyzed more than once or twice, and the reported values are reproducible within analytical uncertainties. The analytical precisions (1s) were determined by repeated analyses of USGS Georeference rock standard PCC-1 (peridotite). The means, standard deviations (1s) and RSD% are given in the last columns of Electronic Appendix 1. Given the ultra-low abundances of many of these elements, precisions <20% are considered good (i.e. precise enough not to affect interpretations of first-order systematics). It should be noted that there are no agreed 'certified' working values yet available for all the elements of interests (analyzed) for PCC-1. The UQ PCC-1 values are given such that interested readers may wish to compare the datasets presented here with their own peridotite analyses.
A WORKING FRAMEWORK
This paper is not intended to discuss the petrogenesis of a particular sample or sample suite from a particular ridgetransform system, but to discuss first-order implications of the data as a whole assuming they are of a global significance. Therefore, a general working framework is useful for data interpretations. Figure 1 presents such an ideal framework, which is modified from Niu (1997) , for mantle melting, melt extraction and post-melting processes beneath ocean ridges. This model framework states the following: (1) plate separation at ocean ridges causes the asthenospheric mantle below to rise; (2) this rising mantle begins to melt when it intersects the solidus at a depth P o ; (3) melting continues as the melting mantle rises (decompression) until it reaches a depth P f as a result of conductive cooling to the seafloor; (4) the depth range between the base of the igneous crust and the depth of melting cessation (P f ) is termed 'cold' thermal boundary layer (TBL; grey region and thick blue lines with arrows indicating the solid mantle flow field); (5) no melting occurs in the TBL, but new ascending melts (red lines with arrows) migrate through and interact with the advanced residues of previous melting in the TBL; (6) residues from the central melting column rise to the shallowest level, experience significant melt refertilization or melt-solid interaction, and undergo serpentinization before being sampled on the seafloor as abyssal peridotites; (7) on the other hand, melting residues away from the central column are likely to flow sideways at deep levels, leaving the sub-ridge magmatic system with limited melt refertilization or melt-solid interaction, and without being serpentinized; (8) the latter residues could be preserved as fresh massif or ophiolitic peridotites in the geological record, but would never be the same as abyssal peridotites; (9) this requires that caution be exercised when comparing serpentinized abyssal peridotites with fresh ophiolitic/massif peridotites even if the latter can be proved to be MORB melting residues.
DATA AND INTERPRETATIONS Bulk-rock major elements of abyssal peridotites Effects of serpentinization Because previously studied abyssal peridotites (e.g. Michael & Bonatti, 1985; Dick, 1989; Johnson et al., 1990; Johnson & Dick, 1992; Niu & H e ekinian, 1997b) were mostly highly or entirely serpentinized, and because of the common knowledge that serpentinization would obliterate the magmatic signatures recorded in the compositions of the peridotites, major element analyses of bulk-rock abyssal peridotites have never been considered useful for understanding pre-serpentinization processes. For this reason, and to characterize melting processes from 'melting residues', attempted to reconstruct what bulk-rock compositions abyssal peridotites would have prior to serpentinization using mineral chemical data and estimated primary mineral modes (e.g. Dick, 1989 ). Niu's (1997) quantitative treatment of the reconstructed data has revealed a number of intriguing phenomena concerning mantle melting and melt extraction processes. The latter and have also excited heated debates (Asimow, 1999; Baker & Beckett, 1999; Niu, 1999 Niu, , 2003 Walter, 1999; Lundstrom, 2000) . Figure 2a illustrates the bulk-rock chemical variation of the studied abyssal peridotites in MgO/SiO 2 -Al 2 O 3 / SiO 2 space. Reconstructed bulk-rock compositions from and the so-called 'terrestrial array' ( Jagoutz et al., 1979; Hart & Zindler, 1986) are also plotted for comparison. The 'terrestrial array' is in fact a magmatic depletion (or enrichment) trend from a primitive mantle of MgO/SiO 2 $ 0Á85 and Al 2 O 3 / SiO 2 $ 0Á1 (lower right) to highly depleted harzburgitic composition of MgO/SiO 2 $ 1Á1 and Al 2 O 3 /SiO 2 $ 0 (upper left). The fact that the reconstructed bulk compositions of abyssal peridotites from plot in the same position and with identical slope to the 'terrestrial array' corroborates the validity of the reconstructed bulk compositions. The actual bulk-rock analyses of most of the studied samples plot below the terrestrial array. The best, not necessarily unique or correct, explanation is that the serpentinized peridotites are generally depleted in MgO. Such depletion is probably due to seafloor weathering (Snow & Dick, 1995) rather than serpentinization (see below). The scatter is probably caused mostly by the compositional heterogeneity and small size of samples analyzed as well as varying degrees of weathering. However, the statistically significant (at >99Á9% confidence levels) negative trend (R ¼ À0Á629) with a slope (À2Á596) identical to that of the terrestrial array (À2Á598) is somewhat surprising. If we assume SiO 2 and Al 2 O 3 are both immobile during serpentinization, then the mean MgO loss or depletion with respect to SiO 2 is, to a first order, $10% (note the intercept of 1Á019 vs 1Á107, which is $10% relative difference in MgO). Such a mean value of $10% relative MgO loss (i.e. 10% of the total MgO in the protoliths) should be close to the actual loss because of the common denominator (SiO 2 ) on this ratio-ratio plot that is independent of analytical totals (i.e. the effect of 'loss on ignition'). Given that the relative ease of serpentinization is in the order of olivine > orthopyroxene (opx) > cpx, which is consistent with the order of relative abundances of these minerals in fresh peridotites, we can safely say that the mean 10% relative MgO loss is mostly due to contribution of serpentine after olivine Fig. 1 . A working framework for interpreting the geochemical characteristics of abyssal peridotites in the context of mantle melting, melt extraction and post-melting processes beneath mid-ocean ridges (modified from Niu, 1997) . The mantle beneath an ocean ridge is conveniently considered as having two regions: the melting region between the solidus (P o ) and the depth of melting cessation (P f ) as a result of conductive cooling to the seafloor, and the cold thermal boundary layer (TBL, labeled '2') between the base of the crust and P f . No melting occurs in the TBL, but the advanced residues continue to rise and flow laterally away from the ridge (thick arrowed lines). The newly formed melts at depth ascend, migrate through and interact with advanced residues in the TBL, including cooling-induced olivine crystallization, entrapment of melt, and complex 'chromatographic' processes. The advanced residues so processed, particularly in the central column of the TBL, continue to rise to shallow levels and are variably serpentinized (labeled '3') before they are tectonically exposed and sampled on the seafloor as abyssal peridotites. On the other hand, melting residues at deep levels (labeled '1') that turn laterally will not experience the TBL processes, never be serpentinized, and never be sampled as abyssal peridotites, but may be sampled as fresh ophiolitic or massif peridotites in the geological record (e.g. Frey et al., 1985; Godard et al., 2000; Griselin & Davies, 2003) .
(note that MgO loss during seafloor weathering mostly results from serpentines, not primary olivine crystals) whereas the scatter about the 10% mean may be due to the 'contributions' of opx and cpx, whose modal abundances are variable from one sample to another because of the small sample size studied. Post-melting magmatic refertilization (see below) could also contribute to the lowered MgO/SiO 2 ratios in abyssal peridotites but that effect is likely to be small. All the above analysis suggests that, to a first order, bulk-rock MgO values still retain some magmatic signals such as the extent of melting or melt depletion [proportional to modal olivine/(opx þ cpx) ratios]; most samples have lost some MgO, with a mean of $10 relative wt %, which seems to be independent of the actual MgO contents of the unserpentinized protoliths. Figure 2b compares bulk-rock analyses with reconstructed bulk-rock compositions of abyssal peridotites in SiO 2 -MgO space. The statistically significant negative trends with essentially the same slopes defined by both datasets (À0Á324 vs À0Á343) suggest that the pre-serpentinization magmatic signatures are retained in actual bulk-rock analyses. This is also clear from MgO/SiO 2 -MgO plot of Fig. 2c . The high SiO 2 values of the actual analyses probably result from renormalization to 100 wt % on an anhydrous basis. By adding $10 wt % relative MgO and renormalizing the bulk-rock analyses to 100 wt %, the actual data overlap reasonably well with the reconstructed bulk-rock compositions. Figure 2b and c also suggests that the low MgO/SiO 2 ratios of actual bulk-rock analyses in Fig. 2a are due not to SiO 2 addition, but to MgO depletion. It should be noted also that the mean Mg-number, Mg/(Mg þ Fe), of the dataset based on actual analyses is 0Á8956 AE 0Á0131, which is low, whereas the mean Mg-number ¼ 0Á9042 AE 0Á0121 after 10% relative MgO addition. The latter is expected and is similar to the reconstructed bulk-rock mean value of 0Á9022 AE 0Á003 . It should be noted that this result is not due to Fe addition, but MgO loss. The few samples with elevated FeO in Fig. 3d are from the Garrett Transform and result from impregnation of highly evolved melts (see Niu & Hekinian, 1997b, fig. 3 ).
MgO variation diagrams and implications
Figure 3 compares actual bulk-rock analyses with reconstructed bulk compositions of abyssal peridotites on MgO variation diagrams for SiO 2 , TiO 2 , Al 2 O 3 , FeO, CaO and Na 2 O. For reference, the isobaric and polybaric melting models of Niu (1997) are also shown. All the analyses are plotted on an anhydrous basis. As discussed above, by adding $10% relative MgO, and renormalizing the bulk analyses to 100 wt %, the bulk-rock analyses will shift and overlap significantly with the reconstructed bulk-rock compositions. In this case, the interpretations of major element systematics are essentially the same as those given by Niu (1997) . The bulk trends on CaOMgO and Al 2 O 3 -MgO plots can be explained by varying degrees of melt depletion by either isobaric batch melting Fig. 2 . Comparisons between actual bulk-rock analyses (filled circles; normalized to 100% anhydrous totals) and reconstructed bulk-rock compositions 
of abyssal peridotites (open circles). (a)
In MgO/SiO 2 -Al 2 O 3 /SiO 2 space, the reconstructed bulk compositions define a tight trend (R ¼ À0Á911, indicated by the thick gray line with arrow) that is identical to the 'terrestrial array' ( Jagoutz et al., 1979; Hart & Zindler, 1986) . The scattered, yet statistically significant trend (R ¼ À0Á629) defined by the analyzed bulk compositions gives a slope (À2Á596) identical to the slope of the terrestrial array (À2Á598), but about 10% lower (i.e. 1Á019 vs 1Á107 in their respective intercepts) in MgO/SiO 2 at a given Al 2 O 3 /SiO 2 . (b) in SiO 2 -MgO space, both datasets define negative trends with essentially identical slopes (À0Á343 and À0Á324, respectively). (c) in MgO/SiO 2 -MgO space, both datasets show similar slopes and very tight trends, indicating that the magmatic signatures in these serpentinized and weathered abyssal peridotites remain preserved.
or near-fractional polybaric melting. To show the details, both TiO 2 and Na 2 O are plotted on logarithmic scales. Obviously, batch melting can better explain TiO 2 -MgO and Na 2 O-MgO trends than fractional melting, which contrasts with interpretations based on residual cpx trace element data .
The negative SiO 2 -MgO trend and the FeO-MgO scattering cannot be readily explained by either melting model. For the reconstructed bulk compositions, the steep negative SiO 2 -MgO trend and the positive FeO-MgO trend were interpreted by Niu (1997) and as resulting from olivine addition in the cold TBL atop the mantle beneath mid-ocean ridges (see Fig. 1 ) because excess olivine exists in the original modal data (e.g. Dick, 1989; Johnson et al., 1990; Niu, 2003, submitted) , and because the trends indeed point to the mean composition of olivine, with high FeO, high MgO and low SiO 2 . Baker & Beckett (1999) argued that the interpretation was an artifact of their incorrect bulk composition reconstructions, and that no CaO (e) and Na 2 O (f). For comparison, also plotted are calculated melting residues of both isobaric batch melting (at P ¼ 10 and 20 kbar, respectively) and near-fractional (1% melt porosity) decompression melting (28-8 kbar and 15-8 kbar, respectively) models of Niu (1997) . Considering the probably $10% relative MgO ( $10% of MgO in the protoliths) loss in analyzed abyssal peridotites (see text), the Al 2 O 3 -MgO and CaO-MgO trends can be explained by both melting models. The TiO 2 -MgO and Na 2 OMgO trends are better explained by batch (vs near-fractional melting) melting. To a first order, the Niu (1997) and interpretation for SiO 2 -MgO and FeOt-MgO trends remains valid despite the current debate (see text). The scatter and large variation in FeOt-MgO space largely results from inhomogeneous distribution of 'FeOt' in serpentinized peridotites and the small size of the samples studied.
positive FeO-MgO correlation should exist in 'properly' reconstructed bulk compositions (Griselin & Davies, 2003) . The fact that compared with the expected melting residues , excess olivine is evident in abyssal peridotite modal data (Dick, 1989; Niu & H e ekinian, 1997b) , the positive FeO-MgO trend in reconstructed bulk compositions of abyssal peridotites is the consequence of, not evidence for, excess olivine in these rocks [see Niu (2003, submitted) for details]. If we add $10% relative MgO (i.e. MgO Â 110%), and renormalize the bulk analyses to 100 wt %, over two-thirds of the data points will lie on the positive FeO-MgO trend defined by the reconstructed bulk compositions. The few very high FeO samples are from the Garrett Transform (Niu & H e ekinian, 1997b) . The question is how to explain the rest of the samples that have both higher and lower FeO than the main trend and the model melting curves. Petrographic studies suggest that such scatter results from the heterogeneous distribution of 'FeO' in abyssal peridotites. This is because serpentinization forms Fe-poor serpentines by concentrating Fe (mostly as finegrained aggregates of magnetite) as trails away from domains of serpentine. As a result, the analyzed FeO contents in serpentinized peridotites depend on sample size and whether the sample analyzed is dominated by serpentines (Fe-poor) or by magnetite trails (Fe-rich).
Can melting systematics survive serpentinization?
Following Niu (1997), we can recast bulk-rock analyses in terms of low-pressure peridotite modes (wt %) of olivine, opx, cpx and spinel [see Niu (1997, appendix C and fig. 5)] . Figure 4a plots such calculated modes against bulk-rock MgO. Despite some minor differences, the 'modes' derived from actual bulk-rock analyses (large symbols) are remarkably similar to observed 'modes' (small symbols; Dick, 1989) for which MgO is calculated from reconstructed bulk-rock compositions (Niu, 1997) . This demonstrates that although abyssal peridotites undoubtedly have experienced some MgO loss and probably other changes, the original melting systematics remain largely preserved in highly serpentinized peridotites. This is unexpected given the widespread belief that serpentinization obliterates the magmatic signatures in peridotites (e.g. Michael & Bonatti, 1985; Dick, 1989; Johnson et al., 1990; Elthon, 1992; . The slight differences are readily explained by the differences in analyzed bulk-rock compositions. For example, the low MgO (MgO loss; see above) and apparent high SiO 2 (effect of normalization to anhydrous totals of 100 wt %) in actual analyses of bulk-rock compositions can explain the relatively low olivine and high opx modes. Figure 4b plots mass fractions of calculated mineral modes from bulk-rock analyses as a function of F, where F represents the mass fraction of melt extraction from a model source. Except for spinel, the systematic trends defined by olivine, opx and cpx modes give a melting relationship very close to the polybaric melting relationship derived from original modes (e.g. Dick, 1989 ) after correction for olivine addition (Niu, 1997) ; opx contributes more than cpx to melts produced by decompression melting (Dick, 1989; with those calculated (Niu, 1997) from actually analyzed bulk compositions of abyssal peridotites (large symbols) on MgO variation diagrams. (b) Plot of the results in (a) in terms of modal mass fractions (normalized to a total of 1 À F ) against the extent of melting (F ) to show that the incongruent melting relationship derived from the actually analyzed serpentinized samples [À0Á4263 Cpx À0Á7240 Opx À0Á0068 Spinel þ0Á1571 Olivine þ1Á0000 Melt ¼ 0] resembles remarkably that derived from the actual modes [À0Á466 Cpx À0Á652 Opx À0Á049 Spinel þ0Á167 Olivine þ1Á000 Melt ¼ 0] (Niu, 1997 (Niu, , 1999 . Particularly noteworthy are the consistent opx/cpx >1 ratios interpreted to characterize decompression melting (Niu, 1997) . For comparison purpose, the extent of melting (F ) is calculated using a single fertile mantle source (MgO ¼ 38Á3 AE 0Á53 wt%): F ¼ À1Á234 þ3Á249 Â 10 À2 MgO (Niu, 1997) . The calculated F values should not be taken as having true significance, but the consistent melting relationship in both (a) and (b) indicates that serpentinization and weathering did not obliterate magmatic signatures in these rocks. [Niu, 1997, figs 6, 7 and 12 , and equation (8)]. Again, despite the compositional alteration during serpentinization and seafloor weathering, these late-stage, lowtemperature, processes have not obliterated the magmatic systematics of the protoliths prior to serpentinization.
Bulk-rock minor and trace elements of abyssal peridotites Transition metals plus gallium Figure 5 illustrates the variation of a range of transition metals plus Ga against MgO. The statistically significant negative trends of Sc-MgO, V-MgO and Ga-MgO are expected because these elements are mildly incompatible during mantle melting. If these trends reflect recent subridge melting processes, then they suggest that MORB melts are mostly generated in the spinel (vs garnet) peridotite stability field (e.g. Niu & Batiza, 1991; Niu, 1997) as Sc is highly compatible in garnet and the negative Sc-MgO trend would not exist otherwise. The slope of V-MgO is consistent with a MORB mantle oxygen fugacity between QFM -3 and QFM -1 (where QFM is the quartz-fayalite-magnetite buffer) (Wood et al., 1990; Lee et al., 2003) . These observations also suggest that Sc, V and Ga are more or less immobile or unaffected by serpentinization and seafloor weathering. The flat and slightly negative Co-MgO trend is consistent with Co having a bulk distribution coefficient close to unity, and also suggests that Co is immobile during serpentinization. The apparent scatter of Cu, Zn, Ni and Cr does not necessarily mean these elements are mobile during serpentinization, but may suggest formation of minor phases whose distribution is heterogeneous on the scale of the small sample size. Chromite (Cr, Zn, Fe), sulfides (Cu, Ni, Fe), native metal/alloys (Ni, Co, Fe) are probably the responsible phases, readily seen by scanning electron microscopy (SEM). The ubiquitous magnetite also incorporates some Zn. Figure 6 shows primitive-mantle normalized bulk-rock rare earth element (REE) and multielement patterns of all the analyzed samples (Electronic Appendix 1, available for downloading from http://www.petrology. oupjournals.org) plus some analyses from the Garrett Transform (Niu & H e ekinian, 1997b) . Given the widely accepted notion that abyssal peridotites are MORB melting residues (e.g. Johnson et al., 1990) , although not simple residues , and that melting occurs as a fractional melting process , the over 3-4 orders of magnitude abundance variations in these incompatible elements in bulk-rock abyssal peridotites are unexpected. Given the fact that MORB melts show relatively smooth patterns on these plots, the non-smooth patterns of bulk-rock abyssal peridotites suggest these rocks experienced more complex processes. The Ce anomalies in the REE plot may suggest seawater effects, either seafloor weathering or during serpentinization involving fluids that are ultimately of seawater origin. The apparent Eu anomalies, which are often attributed to the role of plagioclase, could be due to Eu mobility (e.g. as is Sr) or to a late-stage magmatic imprint (Niu & H e ekinian, 1997b) .
Rare earth and other incompatible trace elements
Bulk-rock light REE are more enriched, not more depleted, than in the constituent residual cpx of the same sample suites Figure 7 shows that (except for samples from the Prince Edward Transform) residual cpx in abyssal peridotites from the Southwest Indian Ridge (SWIR) and AmericanAntarctic Ridge (AAR) transform systems are highly depleted in light REE (LREE) with flat-to-elevated middle to heavy REE (MREE-HREE), consistent with varying extents of melt depletion through fractional melting . In contrast, bulk-rock data for the same sample suites show elevated abundances of LREE with flat to enriched HREE patterns. Given the fact that among all the known residual phases (olivine, opx, cpx and spinel) cpx has the highest mineral/melt partition coefficients, residual olivine, opx, and spinel in equilibrium with the cpx and with each other should have lower LREE abundances than the cpx, and therefore bulk-rock samples should have lower, not higher, LREE abundances than the cpx. Hence, the observations in Fig. 7 are entirely unexpected and emphasize that our present knowledge is yet incomplete on the petrogenesis of abyssal peridotites in the context of ocean ridge processes.
As all these peridotites are serpentinized to various extents, the elevated abundances of LREE could be due to serpentinization, a hydrothermal metamorphic process ( $250-400 C with up to 13 wt % H 2 O in serpentinites), during which the LREE could be mobile and added in. Average seawater has REE levels (e.g. Elderfield & Greaves, 1982) 4-6 orders of magnitude lower than in abyssal peridotites, so seawater cannot be a promising source for excess LREE in these rocks. However, seawater is the ultimate source for ridge hydrothermal fluids, which could leach LREE out of the crustal lithologies and subsequently precipitate them during serpentinization atop the mantle, giving rise to (Sun & McDonough, 1989) normalized REE patterns (a) and selected multi-element diagram (b) of bulk-rock abyssal peridotites to show the non-smooth patterns and over 2-3 orders of magnitude abundance variations, suggesting that abyssal peridotites are not simple residues (Niu & H e ekinian, 1997b; but have experienced significant post-melting modifications. Fig. 7 . Comparison of primitive mantle normalized REE contents of average residual cpx Johnson & Dick, 1992) with average bulk-rock (WR) compositions of the same sample suites from ridge-transforms of the Southwest Indian and American-Antarctic ridges. Except for samples from the Prince Edward Transform, residual cpx show highly depleted LREE abundances. In contrast, bulk-rock compositions show flat or LREE-enriched patterns. The Ce anomalies may be due to seafloor weathering, but could also have been inherited from seawater, the ultimate source of hydrothermal fluids for serpentinization. The numerals in parentheses are the number of analyses available for averaging. the elevated abundances of LREE in serpentinized abyssal peridotite samples. Although this interpretation is sensible, it is, however, inconsistent with other observations.
The statistically significant (at >99Á99% confidence levels for N > 130 samples) positive correlations of LREE with HFSE (e.g. Fig. 8 suggest that the process or processes that led to the enrichments of LREE also led to the enrichments of HFSE such as Zr and Nb. Whereas LREE could be mobile during serpentinization, no data yet available in any form obtained by any means (e.g. observations or experiments) suggest that HFSE could be mobile during hydrothermal alteration or metamorphism. In fact, hydration/dehydration experiments (e.g. You et al., 1996; Kogiso et al., 1997) under both shallow and relatively deep subduction zone conditions demonstrate consistently that Nb, Ta, Zr, etc. are essentially immobile. The significant correlations between LREE and HFSE in bulk-rock abyssal peridotite samples also suggest that neither HFSE nor LREE are significantly mobile during serpentinization because otherwise we would not see the highly correlated variations (Fig. 8 ) but scattering or 'decoupling'. The above reasoning suggests that the elevated abundances of LREE and HFSE in bulk-rock abyssal peridotites (vs residual cpx; Fig. 7 ) both resulted Fig. 8 . The statistically significant correlations of LREE (e.g. La, Ce, Pr and Nd) with HFSE (e.g. Nb and Zr) indicate that the process or processes that led to REE enrichments also caused the HFSE enrichments. from a common process or processes, which are probably magmatic. This interpretation, which needs independent tests, is the best choice among several conceivable possibilities (see below).
Bulk-rock REE cannot be explained by melting models but can be explained by post-melting refertilization with caveats (Fig. 7) of bulk-rock REE of abyssal peridotites in primitive-mantle normalized diagrams with simple model melting residues of batch melting (a and c) and fractional melting (b and d) of both an undepleted mantle source such as primitive mantle (a and b) and a depleted mantle (c and d). Clearly, both the abundance levels and patterns are inconsistent with their being simple melting residues. The slopes of the MREE-HREE are better explained by melting regardless of the fertility of the source, and the extent and models of melting. The slopes and patterns of the LREE cannot be explained by either melting model of any fertile source composition. If one chose to believe such modeling to be valid, then batch melting would explain the data better than fractional melting. This is again inconsistent with model conclusions based on residual cpx REE data . Prinzhofer & All e egre (1985) suggested that U-shaped REE patterns or LREE enrichments in harzburgites could be modeled by complex partial melting of plagioclase lherzolites. Although the latter modeling may be mathematically useful, such melting is physically unlikely. This is because the plagioclaselherzolite depth range is equivalent to the TBL beneath ocean ridges, where no melting takes place. Elsewhere, this depth range is within the lithosphere, in which significant melting should not occur anyway. A simple conclusion is that bulk-rock REE in abyssal peridotites (Fig. 7) with endmember batch (a and c) and fractional (b and d) melting models using both primitive mantle (PM; a and b) (Sun & McDonough, 1989 ) and a depleted mantle source (DM; c and d) (Niu & H e ekinian, 1997b ). All the model parameters and distribution coefficients are taken from the literature and have been summarized by Niu & H e ekinian (1997b) . Except for the sample suite from the Islas Orcadas transform, the slopes of MREE and HREE (after Sm) of all sample suites can be reasonably well explained by varying extents of melting from either model using either source. However, the elevated abundances of LREE (La, Ce, Pr, Nd) cannot be explained by either melting model using either source. The shaded regions represent residues of 5-30% (as labeled) melting from the respective sources and melting models. cannot be readily explained by melting models of any sophistication at any conceivable depths. Batch melting models better explain REE heavier than Sm, whereas combined batch and fractional melting models can be worse. Melting models face more problems to explain the significant LREE-HFSE correlations (Fig. 8) . It is entirely possible that the residual cpx REE data may indeed record melting processes . If so, the bulk-rock data must record something else (see below).
If one accepts the significant correlations of LREE with HFSE ( Fig. 8) as resulting from magmatic processes, then the elevated LREE abundances in bulk-rock abyssal peridotites can be readily explained by post-melting melt refertilization in the TBL (Fig. 1) as quantitatively evaluated for sample suites from the Garrett Transform [see Niu & H e ekinian (1997b, fig. 7) ]. The modeling can be readily done, but the choice of parameters becomes arbitrary because we need different refertilizing melt compositions and different degrees of enrichments to fit the individual data suites to our satisfaction. The point here is that post-melting refertilization as a hypothesis is the best choice among several conceivable possibilities to explain the bulk-rock REE data. Readers are referred to Niu & H e ekinian (1997b) for details. Figure 10 illustrates the model schematically for the global average of bulkrock REE compositions. Figure 10 also shows that the global average (N ¼ 134) is very similar to the average (N ¼ 88) of samples from Indian ocean ridge-transforms in which residual cpx REE were studied Johnson & Dick, 1992) . The MREE-HREE would be consistent with $10% fractional melting for global MORB genesis (Langmuir et al., 1992) , or with $15% batch melting. The latter mean value of $15% melting was argued to be consistent with average MORB compositions (Niu & Batiza, 1991) and with primary mineral modes and reconstructed bulk-rock compositions of abyssal peridotites (Niu, 1997; Niu & H e ekinian, 1997b) .
If post-melting refertilization can indeed explain the elevated abundances of LREE in bulk-rock abyssal peridotites, we must then question why such melt refertilization does not seem to have affected the residual cpx (see Fig. 7 and below).
Correlations of REE with MgO
Figure 2 suggests that to a first order, the bulk-rock MgO values still retain some magmatic signals such as the extent of melting or melt depletion. This is supported by examining the correlations between REE and MgO. As REE are incompatible in all residual phases (olivine, opx, cpx and spinel) during partial melting in the spinel peridotite stability field (relevant to the bulk of MORB genesis; see the inverse Sc-MgO correlation above), inverse correlations of REE with MgO are expected. Figure 11 shows representative bulk-rock REE (La, Sm, Dy and Lu) variations against MgO (top four panels). Despite the scattering, the correlation coefficients become progressively more significant from LREE to HREE with the exception of Eu (bottom panel). This is an important observation. To a first order, this suggests that HREE as well as MgO faithfully record the extent of melting or melt depletion even though $10 wt % relative MgO of the protoliths may have been lost, mostly during seafloor weathering (see below). Because bulk-rock MgO is proportional to modal olivine/(opx þ cpx) ratios, and because bulk-rock HREE abundances are mostly controlled by the cpx mode in the rock, the more significant HREE-MgO correlations could simply result from modal heterogeneity given the small size of samples studied. However, the ultimate control remains likely to be . The MREE and HREE of the averages can be modeled by $15% batch melting (a) or $10% fractional melting (b) from a depleted source (Niu & H e ekinian, 1997b) . The elevated LREE can be modeled successfully by adding a less depleted melt component as indicated by the vertical arrows [see Niu & H e ekinian (1997b) for model details]. However, such refertilization models, despite being effective, are arbitrary in choosing the right amount of the melt with the right compositions for the actual observations (Fig. 9) . melting or melt depletion; that is, with increasing extents of melting, opx and cpx modes decrease whereas olivine modes increase (Fig. 4) . Associated with such changes are progressively more depleted mineral compositionshigher Mg-number [Mg/(Mg þ Fe)] in olivine, opx and cpx, lower Al 2 O 3 in opx and cpx, higher Cr-number [Cr/(Cr þ Al)] in spinel Niu & H e ekinian, 1997a; , and reduced REE contents in cpx (also opx) and thus in the bulk-rock samples.
It now becomes clear from Figs 9 and 10 that HREE are indeed consistent with melting or melt depletion as reflected by their better correlation coefficients with bulkrock MgO. It is also clear that the poor correlations of LREE with MgO result from a post-melting refertilization process, which is arguably magmatic because of significant LREE-HFSE correlations (Fig. 8) . In this context, it is noteworthy that the use of coupled major (Cr-number in spinel) and trace element (HREE such as Yb in residual cpx) compositions as indicators of the extent of melting in mid-ocean-ridge peridotites, proposed by Hellebrand et al. (2001) , are a confirmation of what we have learnt over the last $30 years (Mysen & Boettcher, 1975; Jaques & Green, 1980; Falloon & Green, 1988; Niu & H e ekinian, 1997a) . It should be noted also that the extent of melting or melt depletion so calculated may not necessarily reflect the recent sub-ridge melting, but could be inherited from Fig. 11 . The scattered yet statistically significant inverse correlations of REE with MgO are consistent with REE being incompatible during mantle melting and with the reasoning that MgO, despite its loss, still retains signatures of mantle melting. The better correlation of MgO with progressively heavier REE (except for Eu), suggests that the HREE tell us more faithfully about mantle melting (see Figs 6, 9 and 10) whereas LREE have experienced post-melting enrichments (Figs 7-9 ). The poor Eu-MgO correlation may be due to the mobility of Eu 2þ during serpentinization or seafloor weathering.
the fertile mantle source of MORB, which may have experienced previous melt depletion events. Therefore, melting parameters derived from MORB melts (e.g. Niu & Batiza, 1991; Langmuir et al., 1992) and abyssal peridotites (e.g. Johnson et al., 1990; Niu, 1997; Hellebrand et al., 2001 ) must be used with caution when interpreting present-day ocean ridge processes (see below).
Large and correlated variations in both abundances and ratios of HFSE For many years have we accepted that two elements with the same charge and the same or similar ionic size should behave the same in geological processes. The type examples are the Zr-Hf and Nb-Ta elemental pairs. As a result, there is wide acceptance that Zr/Hf and Nb/Ta ratios should be similar or identical to chondritic values in all terrestrial rocks: Zr/Hf $ 36Á30 and Nb/Ta $ 17Á57 (e.g. Bougault et al., 1979; Hofmann et al., 1986; Jochum et al., 1986; Sun & McDonough, 1989) . Although it has been noted that the Zr/Hf ratio varies in carbonatites, and is super-chondritic in some alkali basalts, Niu & Batiza (1997) showed for the first time that these two ratios do vary significantly in lavas from seamounts near the axis of the East Pacific Rise (seafloor basalts) with Zr/ Hf $ 25-50 and Nb/Ta $ 9-18, respectively. These two ratios are correlated with each other (R Zr/Hf-Nb/Ta ¼ 0Á75, statistically significant at >99Á9% confidence levels for N > 80 samples), and with commonly used index ratios such as Th/U, Nb/U, Rb/Cs, La/Sm, Ce/Yb and Ce/Pb (Hofmann et al., 1986; Hofmann, 1988 Hofmann, , 1997 Sun & McDonough, 1989) as well as the abundances of progressively more incompatible elements. All these observations suggest D Zr < D Hf and D Nb < D Ta , and also D Nb < D U , D Ce < D Pb , D Rb < D Cs , etc., which disagrees with what is generally accepted. For example, D Cs < D Rb is expected both theoretically and experimentally (Blundy & Wood, 1994) , but D Rb < D Cs is observed instead (Niu & Batiza, 1997; Niu et al., 2002a) . Recent studies of various terrestrial rocks (e.g. Elliott et al., 1997; Godard et al., 2000; Rudnick et al., 2000; Takazawa et al., 2000; Weyer et al., 2002 Weyer et al., , 2003 and experimental studies have confirmed D Zr < D Hf and D Nb < D Ta (Foley et al., 1999; Green et al., 2000; Tiepolo et al., 2000) , but observed no Zr/Hf-Nb/Ta correlations. The recognition of subchondritic Nb/Ta ratios in some terrestrial rocks (e.g. continental crust) has led to speculation of a hidden Nb-rich reservoir deep in the mantle (e.g. McDonough, 1991; Blichert-Toft & Albar e ede, 1997; Rudnick et al., 2000; Albar e ede & van der Hilst, 2002; . Recently, Wade & Wood (2001) suggested that Nb is slightly more siderophile (than Ta) and that a significant amount of the Earth's Nb may be in the core, which may have led to subchondritic Nb/Ta ratios in silicate portion of the Earth. The latter interpretation is supported by super-chondritic Nb/Ta ratios in iron meteorites (e.g. Jochum et al., 2002; Munker et al., 2003) . Using the experimentally determined high D Nb / D Ta between amphiboles and hydrous silicate melts (Foley et al., 1999; Tiepolo et al., 2000) , Foley et al. (2002) proposed that formation and growth of the continental crust might have resulted from partial melting of amphibolites in Earth's early history. All these point to the importance of understanding Nb-Ta fractionation for improved models of chemical differentiation of the Earth and perhaps even aspects of the Solar System.
A factor of two variation of Zr/Hf $ 25-50 and Nb/ Ta $ 9-18 in seafloor basalts (Niu & Batiza, 1997) can be readily explained by a factor of two bulk distribution coefficient differences (e.g. D Zr /D Hf $ 0Á5 and D Nb / D Ta $ 0Á5) (e.g. Green et al., 2000) in terms of melting of a uniform source. However, the statistically significant correlations of Zr/Hf and Nb/Ta with each other and with ratios of other incompatible elements (e.g. La/Sm, Rb/Cs, Th/U, Nb/U, Sm/Yb) as well as radiogenic isotopes (e.g. 87 Sr/ 86 Sr, 143 Nd/ 144 Nd) suggest that the observed Nb-Ta and Zr-Hf fractionations in seafloor basalts (1) do not necessarily reflect recent mantle melting events, but are inherited from their sources with a long history in excess of 1 Gyr (Niu et al., , 2002a , and (2) cannot be explained by the slightly siderophile nature of Nb (vs Ta) (Wade & Wood, 2001 ) because the Earth's core would not, for example, preferentially take Zr (vs Hf ), La (vs Sm), Rb (vs Sr), Nd (vs Sm), etc. Therefore, there must be another process or processes that cause the observed Nb-Ta and Zr-Hf fractionations in seafloor basalts (Niu & Batiza, 1997) . Significant Nb/Ta variations in arc lavas (e.g. Elliot et al., 1997) could be due to the subducting slab melting with rutile as a residual phase (Klemme et al., 2002) , which may in turn help explain Nb/Ta fractionations in oceanic basalts as a result of crustal recycling. However, such a process cannot explain the correlated variations of Nb/Ta and Zr/Hf in seafloor basalts (Niu & Batiza, 1997) and abyssal peridotites (see below). Figure 12 shows the variation of Nb/Ta vs Zr/Hf for $130 bulk-rock abyssal peridotite samples (Electronic Appendix 1). The statistically significant Nb/Ta vs Zr/ Hf correlation, and the over two orders of magnitude variations of the two ratios well exceed the data range defined by seafloor basalts (N > 80, open squares within the ellipse) (Niu & Batiza, 1997) . Analytical uncertainties and the small size of samples studied may cause the apparent scatter, but both the trend and much of the scatter are probably a consequence of physical processes that need to be understood. In other words, improved analytical precision will not significantly reduce the scatter because the scatter is probably part of the random 'sampling' processes beneath ocean ridges: where, how, to what extent and the nature of the interactions between ascending melts and advanced residues, as well as the likely scenario that the composition and the amount of trapped melt vary in space and time (see Fig. 1 and discussion below). Figure 13 compares the variation of Nb, Ta, Zr and Hf vs Ce and [Sm/Yb] N within the bulkrock data. The significant positive trends suggest that data for the analytically 'difficult' elements such as Ta (and Nb) and Hf (and Zr) vs analytically easy elements such as Ce, Sm and Yb are of good quality (also see Electronic Appendix 1 for analytical precisions). Figure 13 also suggests that the data trends are magmatic (vs serpentinization). Figure 14 illustrates Nb/Ta and Zr/ Hf ratios against Ce, Be/Tb, Ce/Y, and La/Yb (LREE/ HREE) for the bulk-rock data. Although scattered, the significant positive trends again are best explained by magmatic processes.
How mobile are incompatible elements during serpentinization and seafloor weathering?
Any element can be mobile during hydrothermal metamorphism, such as serpentinization, if no stable minerals exist that can host that particular element and if the element is soluble in the fluid being transported (Niu & Lesher, 1991) . If an element is mobile during serpentinization, either added or removed or relocated on some scales, the behavior of this element should be decoupled from that of more immobile elements. For example, both Th and U are similarly incompatible during magmatic processes: these two elements whether depleted or enriched should correlate very well with each other, as is often observed. On the other hand, if Th behaves as an immobile element whereas U is mobile during serpentinization or seafloor weathering, these two elements will be decoupled from each other and there will be no correlation between the two elements in these peridotites. On the other hand, if two elements are both immobile, their correlation may not necessarily be good if they have very different incompatibility during magmatic processes. For example, R Nb-Ti is unlikely to be as good as R Nb-Ta . We can use these criteria to see how mobile incompatible elements of interest may be during serpentinization or seafloor weathering. Figure 15 demonstrates the correlation coefficients between the 'immobile' incompatible elements Ti, Zr, Nb and Th and all other incompatible elements. The correlation coefficients are sorted in decreasing order from left to right. For N > 130, R > 0Á3 is statistically significant at >99Á9% confidence levels. We thus arbitrarily consider R > 0Á3 to be more meaningful correlations. For each of the above elements, their correlation coefficients with other elements are best with elements of similar incompatibility. For example, Ti correlates better with HREE, Zr with MREE and some LREE, Nb with LREE, Ba, Ta, and Th with LREE, Nb, Ta, etc. If we consider all these correlation coefficients, we find that the incompatible elements Rb, Cs, U, Sr and Na do not correlate in more significant ways with all the other elements in Fig. 15 . As expected, these are indeed elements readily mobilized in aqueous solutions such as during serpentinization or perhaps as a result of seafloor weathering. For all other elements, because their correlations are consistent with their relative incompatibilities (i.e. magmatic behaviors), they are largely immobile during serpentinization or seafloor weathering. Some aspects of this behavior have been demonstrated by the significant correlations between LREE and HFSE ( Fig. 8) and between REE and MgO (Fig. 11) . Although some of these correlations are not unexpected, the emphasis is necessary for a better understanding of sub-ridge mantle processes.
It is somewhat surprising, however, that Ba and Pb, which are often considered to be highly mobile during hydrothermal alteration such as massive sulfide mineralization (Niu & Lesher, 1991) and subduction-zone dehydration processes (see , table 1), do not seem to be mobile during serpentinization (or seafloor weathering). Instead, these two elements in bulk-rock abyssal peridotites exhibit geochemical behaviors consistent with their being highly incompatible elements (Fig. 16) . What is more surprising is that Pb seems to be as incompatible as, or more so than, Th, Nb, La and Ce. Such a highly incompatible behavior of Pb is consistent with K d values obtained experimentally (Hauri et al., 1994) , but more incompatible than inferred from oceanic basalts (e.g. Hofmann et al., 1986; Sun & McDonough, 1989; Niu & Batiza, 1997) . The variable and overall higher abundances than in average MORB suggest that Pb in bulk-rock abyssal peridotites, together with many other highly incompatible elements (Figs 6-10), may come from melt refertilization (see below).
DISCUSSION
Where does the refertilization occur? Figure 1 shows that mantle decompression melting stops at a level deep within the mantle (P f ) because of conductive cooling to the surface (Niu, 1997) , which defines the base of the 'cold' thermal boundary layer (TBL) , whose thickness increases with decreasing plate separation rate (Niu & H e ekinian, 1997a) . Decompression melting may stop as deep as >30 km beneath very slowspreading ridges (Niu, 1997) . The TBL comprises advanced residues of previous melting at depth. Although no melting occurs within this 'cold' TBL, the ascending new melts will pass through and interact with the advanced residues on their way to the crust. Hence, the TBL is the logical place for post-melting refertilization or melt-solid interactions. It should be noted that dunite dikes or veins as seen in mantle sections of ophiolites (e.g. Kelemen et al., 1995 Kelemen et al., , 1997 Braun & Kelemen, 2002) may well develop in this TBL. However, abyssal peridotites (harzburgitic and/or lherzolitic) are arguably residual materials sampled away from these possible or probable dunite bodies. It is also noteworthy that serpentinization is a late and shallow level (constrained by some maximum depth of seawater penetration) process relative to melt refertilization (or melt-solid interactions) in the TBL for all the abyssal peridotite samples so far collected and studied.
In this context, we should emphasize that partial melting in the plagioclase-peridotite stability field may not occur at all in practice despite its theoretical significance (Prinzhofer & All e egre, 1985; Asimow et al., 1995; Yang et al., 1998). Beneath mid-ocean ridges, the plagioclase peridotite stability range is equivalent to the 'cold' TBL, where no melting takes place, particularly beneath slowspreading ridges (including continental rift systems). Elsewhere, this depth range is within the lithosphere, which, by the definition of plate tectonics, is too cold to melt. Hence, the concept that sub-ridge mantle decompression melting continues all the way to the base of the crust (Klein & Langmuir, 1987; McKenzie & Bickle, 1988) should be abandoned in evaluating the extent and depth of melting (Niu, 1997) . However, in the context of mantle plume-lithosphere interactions, the lithospheric mantle (spinel-and plagioclase-peridotites) may participate in the melting processes as a result of 'thermal erosion' or assimilation if the heat from the plume is adequate (O'Hara, 1998).
Why does such melt refertilization seem not to have affected the residual cpx?
If the refertilization is magmatic, why does this process not affect cpx? There are two possibilities. (1) It is too 'cold' in the TBL so that the ascending melt is unable to react with cpx, but cools and crystallizes out whatever minerals are on the liquidus, in this case olivine plus Crspinel, with some melt trapped along grain boundaries, giving rise to excess olivine Niu, 2003, submitted) and elevated abundances of LREE, HFSE and other incompatible elements in the bulk-rock samples. (2) Alternatively, melts ascending and percolating through the TBL affect only 'rims' of cpx. These affected rims are later serpentinized together with the rest of the rock. The analyzed portions of cpx are only 'cores' that were unaffected by the ascending melts and also survived subsequent serpentinization. Let us suppose the advanced melting residues with some cpx grains in the TBL are similar to those in Fig. 17a . The ascending melts will migrate and percolate through the residues along grain boundaries and cracks as in Fig. 17b . Subsequent serpentinization at a much shallower level (Fig. 1) will preferentially start and extend from grain boundaries and cracks as in Fig. 17c . As a result, the rims of the cpx grains that were affected by magmatic reaction or refertilization will become serpentinized, whereas the analyzed cpx relics or 'cores' (e.g. Johnson et al., 1990) , which were unaffected by the refertilization in the first place, remain unaltered. In either of the two scenarios, the following reasoning should be valid.
(1) Melts ascending through the advanced residues in the TBL beneath mid-ocean ridges will interact with the residues on scales smaller than hand-specimen (or thinsection) size. Fig. 15 . Plots of correlation coefficients of the relatively immobile incompatible elements Ti, Zr, Nb and Th with all other incompatible elements. The significant correlations (R > 0Á3) would suggest that the elements of interest are immobile during serpentinization or seafloor weathering. The degrees of correlation also depend on similarity of incompatibility, i.e. similarity in magmatic behavior. For example, R Zr-Hf is significantly better than R Zr-Ti and R Zr-Nb .
(2) The melt is not necessarily chemically reactive with the solid residues (at least in terms of LREE and HFSE).
(3) Porous flow along grain boundaries (perhaps also crystal cracks) is significant even at depths as shallow as the TBL beneath mid-ocean ridges. It should be noted that although dunite bodies representing probable melt channels may exist in the TBL, and may be significant in terms of melt transport, abyssal peridotites record porous melt flows on much finer scales.
Storage and distribution of excess LREE, HFSE and other incompatible elements
The above reasoning leads to the conclusion that 'excess' incompatible elements in abyssal peridotites must physically reside in serpentine or highly serpentinized domains. It is necessary to know the way in which these elements are distributed within the rock because this information tells us the nature of possible 'melt-solid' interactions during melt migration through advanced residues to the crust. 'Smoking-gun' evidence for the exact storage and distribution of the excess incompatible elements requires elemental mapping with advanced techniques such as laser-ablation ICP-MS, aided by careful petrography and SEM. Several possible scenarios are worth considering.
(1) If the 'excess' incompatible elements concentrate as trails marking primary (prior to serpentinization) grain boundaries, this would suggest a rather passive 'meltsolid' interaction, similar to 'cryptic metasomatism' seen in the subcontinental lithosphere (e.g. O'Reilly & Griffin, 1988; Bodinier et al., 1996) . This would occur if the melt is under cooling and fails to react chemically with the minerals in the advanced residues, but crystallizes liquidus minerals (e.g. olivine plus Cr-rich spinel) with traces of melt left behind (trapped) on its path of migration (e.g. Niu & H e ekinian, 1997b; .
(2) If the abundances of these 'excess' elements show spatial gradients or patterns with respect to primary grain boundaries or certain residual phases such as cpx and opx, this would favor the interpretation of 'significant melt-solid interaction'. For example, olivine may precipitate while both cpx and opx dissolve into the melt (e.g. Kelemen et al., 1995 Kelemen et al., , 1997 Niu, 1997; Lundstrom, 2000) . This would require a hot melt with probably super-liquidus temperatures. Such melt-solid interaction or reaction, in the form of Melt A þ Cpx þ Opx ) Ol þ Melt B with mass ratios M MeltB /M MeltA > 1 (e.g. Niu & Batiza, 1993; Kelemen et al., 1997) , is in essence the same as the isobaric incongruent equilibrium melting reaction Baker & Stolper, 1994) or decompression melting relationship in the spinel peridotite stability field (Niu, 1997 (Niu, , 1999 Fig. 4 ). The latter occurs in the decompression melting region and will not take place in the TBL, which is, by definition, 'too cold for melting to occur' (see Fig. 1 ). Also, among all the major phases in the TBL (olivine, opx, cpx and spinel), cpx (and to lesser extent opx) is by far most important in hosting LREE and other incompatible elements (e.g. Frey, 1969; Nagasawa et al., 1969; Shimizu, 1975; Eggins et al., 1998) . It follows that dissolution of cpx (also opx) will enrich incompatible elements in the resultant Melt B (note-there is a 'counter' dilution effect as melting proceeds) by depleting the bulk solid residues. This is, however, inconsistent with the observation that bulk-rock abyssal peridotites are enriched, not depleted, in LREE and other incompatible elements (Figs 6-10 ). Incomplete melt extraction (i.e. the presence of trapped melt) will satisfy the observation of excess incompatible elements in bulkrock compositions. However, such reaction or reactions will not create excess olivine in abyssal peridotites Niu, 2003) because the amount of olivine produced is constrained by the incongruent melting reaction and no excess olivine can be created without cooling (Niu, 2003, submitted) . Obviously, this scenario has conceptual problems and is also inconsistent with observations.
(3) Alternatively, the 'excess' incompatible elements may be distributed randomly in serpentines or highly serpentinized domains of bulk-rock abyssal peridotites. This scenario, if true, cannot be readily explained in terms of physically understood processes. One likely possibility is the presence of some 'exotic' phases, which may account for much of the excess LREE, HFSE and possibly other incompatible elements. Such 'exotic' phases could be primary or ancient, and might also have survived recent sub-ridge mantle melting. For example, Brandon et al. (2000) argued that the apparent Pt-Os isotope paradox in abyssal peridotites (MARK suite from the Atlantic) is best explained by ancient melting (vs recent MORB genesis) with residual sulfides or metal alloys (probably Pt-Os hosts) isolated from recent melting events. The excess LREE and HFSE in abyssal peridotites are not expected to be stored in sulfides, but we cannot rule out the possible presence of other 'exotic' phases. Alternatively, the 'exotic' phases may be produced during decompression melting or melt-solid interactions in the TBL although how they could form is unknown. Whether the possible or probable 'exotic' phases were ancient or produced in recent sub-ridge processes, their presence in bulk-rock abyssal peridotites, if there are any at all, may have huge 'nugget effects' (e.g. Wang et al., 1999; O'Hara et al., 2001a O'Hara et al., , 2001b , which may help explain the very large abundance variations of Nb, Ta, Zr and Hf, and perhaps also highly fractionated Nb/Ta and Zr/Hf ratios (see below). The hypothesis for the presence of 'exotic' phases is favored by the observation that excellent analytical reproducibility is readily achieved from the same digested or dissolved solutions (complete digestion is ensured using 'bombs'), but not so from different digestions or dissolutions of the same sample even though the samples are carefully ground (in an agate mill in an ultraclean environment) and homogenized to extremely fine size; the 'exotic' phases, which are probably volumetrically small, do not distribute uniformly.
What causes Nb-Ta and Zr-Hf fractionation?
If we accept that D Zr /D Hf < 1 and D Nb /D Ta < 1, it becomes straightforward why Nb-Ta and Zr-Hf fractionations take place in magmatic processes. However, we do not really understand in theory why D Zr /D Hf < 1 and D Nb /D Ta < 1 should be the case. It is also unclear how D Zr /D Hf $ 0Á5 and D Nb /D Ta $ 0Á5 can readily explain the huge Nb-Ta and Zr-Hf fractionations seen in abyssal peridotites (Figs 12 and 14) .
So far, the 'lattice strain' model (Blundy & Wood, 1994; Wood & Blundy, 1997 ) is perhaps the most successful thermodynamic model in predicting partitioning behavior of an element during magmatic processes. This model, however, remains charge and size dependent, as is the use of Onuma plots (Onuma et al., 1968) . Given the identical charges (5 þ for Nb and Ta, and 4 þ for Zr and Hf) and essentially the same ionic radii (R Nb /R Ta ¼ 1Á000 and R Zr /R Hf ¼ 1Á006 to $1Á026 for coordination numbers of 6, 7, 8 and 12) of the two elemental pairs (e.g. Klein & Hurlbut, 1999) , the lattice strain model does not apply to Zr-Hf and Nb-Ta fractionations. Also, the lattice strain model predicts D Rb > D Cs (Blundy & Wood, 1994) , but the observation is D Rb < D Cs (Niu & Batiza, 1997) .
Given that the elemental pairs Zr-Hf and Nb-Ta have the same charges and similar ionic radii but a factor of two differences in their respective atomic masses (M Zr / M Hf ¼ 0Á511; M Nb /M Ta ¼ 0Á513), it is logical to reason that mass differences may have effects on the observed fractionations (or the apparent relative incompatibility). For example, for two elements of similar or identical chemical properties the lighter element (e.g. [90] [91] [92] Zr, 93 Nb) is more incompatible than the heavier element (e.g. [177] [178] [179] [180] Hf, 181 Ta) (Niu & Batiza, 1997 ). This allowed Niu & H e ekinian (1997b) to suggest mass-dependent fractionation, either differential diffusion rates or differential mass transfer rates. Such mass-dependent fractionation may also explain why D Rb < D Cs (mass ratio M Rb /M Cs ¼ 0Á643) even though Cs is about 10% larger in ionic radius than Rb. The $50% mass difference for Zr-Hf and NbTa is significantly greater than commonly considered isotopic fractionations of light stable elements at relatively low temperatures; however, it is possible that our present knowledge is incomplete and that mass fractionation of heavy metals at high-temperature mantle conditions may be possible. The ultimate test for the hypothesis of mass-dependent fractionation requires well-designed experimental studies and isotopic analyses of 'serpentinization-resistant' (or immobile) elements at different mass levels (e.g. 46, 47, 48, 49, 50 Ti, 90, 91, 92, 94, 96 Zr, 174, 176, 177, 178, 179, 180 Hf) in abyssal peridotites using multiple collector ICP-MS. We should recognize, however, that diffusion or mass transfer coefficients are known to be mass dependent. (Peterson, 1974; Lasaga, 1998 Nb-Ta and Zr-Hf fractionation beneath mid-ocean ridges-a hypothesis
Earlier it was stressed that the observed Zr-Hf and NbTa fractionation in seafloor basalts (Niu & Batiza, 1997) is not caused by recent sub-ridge mantle melting, but is inherited from a fertile source that has had a long history in excess of 1 Gyr. Supporting evidence is provided by the correlated variations of Zr/Hf and Nb/Ta with other incompatible element ratios (e.g. La/Sm, Sm/Yb, etc.) and radiogenic isotopic ratios (e.g. 87 Sr/ 86 Sr, 143 Nd/ 144 Nd, etc.) (Niu et al., 2002a) . It should also be noted that, as widely accepted, MORB-source mantle is heterogeneous with at least two components [see Hirschmann & Stolper (1996) for details]. Volumetrically small dikes or veins (enriched in volatiles and incompatible elements, with radiogenic Sr and unradiogenic Nd, and high Zr/Hf and Nb/Ta ratios, etc.) are dispersed in a more depleted peridotitic matrix (Niu et al., , 2002a Wendt et al., 1999; Salters & Dick, 2002) . The enriched component (dikes or veins) must be of low-degree (low-F) melting origin because low-F melts host the highest abundances of incompatible elements, and because low-F melting can effectively fractionate elements with only subtle differences in incompatibility (e.g. Nb vs Ta and Zr vs Hf ). The depleted matrix, which provides the major source component of highly depleted seafloor basalts, is also consistent with low-F processes. For example, if the enriched lithologies (the product of the low-F melts) have only slightly super-chondritic Nb/Ta and Zr/Hf ratios, the residues of the low-F melts must be substantially subchondritic (Niu et al., 2002a; . This is an important concept to keep in mind when understanding possible Nb-Ta and Zr-Hf fractionation beneath mid-ocean ridges at present.
We cannot entirely rule out the possibility that the huge Zr-Hf and Nb-Ta fractionations in abyssal peridotites (Figs 12 and 14) may be inherited from fertile mantle sources (including random distribution of some 'exotic' phases and their 'nugget' effects; see above) and survived recent melting events involved in MORB genesis. However, such 'exotic' phases could also be produced as a result of melt-solid interactions in the TBL. All these possibilities need testing by examining the distribution and storage of HFSE and other 'excess' incompatible elements in abyssal peridotites.
Below, I describe a preferred hypothesis that the very large Zr-Hf and Nb-Ta fractionations in abyssal peridotites may have resulted from a conceptually familiar chromatographic process, which is geochemically well understood in the laboratory, but remains rather elusive (e.g. Navon & Stolper, 1987) . This hypothesis cannot yet be readily tested through theoretical modeling of any sophistication, but requires additional observations. For example, understanding the storage and distribution of HFSE and all other incompatible elements in serpentinized peridotites will provide clues as to whether such a process is important in nature. This is currently under consideration using LA-ICP-MS techniques. A definite test requires detailed mineralogical and geochemical mapping of exposed mantle sections equivalent to the TBL beneath a paleo-ridge. Figure 18 illustrates the key elements of the hypothesis. (1) Let us suppose, for simplicity, that the fertile MORB-source mantle has chondritic Nb/Ta and Zr/Hf ratios. (2) Partial melts of such a source will have slightly super-chondritic ratios (because of D Nb < D Ta and D Zr < D Hf ), but the residues will be highly depleted in Nb, Ta, Zr and Hf with substantially subchondritic Nb/Ta and Zr/Hf ratios. (3) The residues will rise passively to the TBL (the triangular grey area). Newly formed melts (dashed red lines with arrows) from below will rise, and percolate along grain boundaries (red lines with arrows) within the advanced residues in the TBL. Because of mass-dependent bulk D or transfer rate (preferred hypothesis; see above), lighter metals such as Nb and Zr will move faster than heavy ones such as Ta and Hf. The heavier metals such as Ta (vs Nb) and Hf (vs Zr) are progressively left behind, leading to localized melts enriched in lighter elements (e.g. high Nb/Ta and Zr/Hf ratios) towards shallower levels in the TBL. This process is likely to take place at conditions of low melt/ rock ratios. The 'chromatographic effects' discussed here emphasize mass-dependent differential elemental transfer rates, or mass-dependent bulk D values vs experimentally determined K d values or bulk D values. This process is probably accompanied by (a) olivine addition, (b) melt entrapment and/or (c) refertilization by forming interstitial 'phases' (exotic?) or crystal overgrowth. All these, taken together, are simple consequence of ascending melt interactions with advanced residues in the TBL. In Fig. 18 . Illustration of the hypothesis that the large Zr-Hf and Nb-Ta fractionations in abyssal peridotites may have resulted from ascendingpercolating melt interaction with the advanced residues in the thermal boundary layer beneath mid-ocean ridges (also see Fig. 1 ). The process may be very similar to the chromatographic process (Navon & Stolper, 1987) , but mass-dependent elemental fractionation may be significant. this context, we may speculate about the possibility that the elevated LREE abundances in the bulk-rock abyssal peridotite samples could also be produced or perhaps enhanced by mass-dependent element transfer, i.e. lighter REE (vs heavier REE) would transfer faster, leading to advanced residues progressively refertilized with LREE-rich melt towards shallower levels (see Figs 6-10) to be sampled as abyssal peridotites. This possibility awaits observational tests.
Abyssal peridotites sampled from the seafloor probably represent random samples atop the TBL. Individual samples may have experienced different extents of 'melt-solid' interaction. If the sample had experienced little such interaction with a limited amount of trapped melt, this sample would be depleted in incompatible elements with low Nb/Ta and Zr/Hf ratios. Conversely, if the sample had experienced pervasive 'melt-solid' interaction with significant amounts of trapped melt, it would have elevated abundances of incompatible elements and high Nb/Ta and Zr/Hf ratios.
Is cpx a residual phase or an exsolution product?
Abyssal peridotites are apparently metamorphosed and deformed under subsolidus conditions (even prior to serpentinization) (Dick, 1989; Niu, 1997 Niu, , 1999 Niu & H e ekinian, 1997b; . It is thus possible that at least some of the cpx grains previously analyzed for trace elements ) may have exsolved from residual opx by 'granular' exsolution (Lindsley & Anderson, 1983) under subsolidus conditions. Cpx with depleted incompatible element signatures might have inherited these from the precursor opx instead of reflecting melting processes. If this is indeed true, then the interpretation of 'near-perfect fractional melting' based on cpx trace element data needs revision. Cpx lamellae in opx within some less serpentinized abyssal peridotites are common but volumetrically small Dick & Natland, 1996; Niu & H e ekinian, 1997b) . It is possible that in harzburgites with < $2 vol. % cpx grains, these grains could be a granular exsolution product developed from opx. However, this is less likely in rocks with more abundant cpx, say, significantly >2 vol. %. Importantly, the complementarity between cpx vol. % in abyssal peridotites and Na 8 (Na 2 O normalized to MgO ¼ 8Á0 wt %) of spatially associated MORB suggests that most cpx grains in abyssal peridotites are indeed a residual phase instead of an exsolution product. Therefore, the trace element compositions reported for cpx are probably a characteristic of the residual cpx grains (at least the cores). However, we do not know if subsolidus re-equilibration may have any effect on REE redistribution in cpx. For example, can we rule out the possibility that residual cpx may have lost progressively lighter (greater ionic size) REE during subsolidus re-equilibration? The solubility of progressively lighter REE in cpx may decrease with falling temperature. This can be tested by in situ LA-ICP-MS profile analyses of REE (and other incompatible elements) in the cpx of unserpentinized mantle melting residues to see if there is any spatial compositional gradient. Such a test is needed to evaluate the validity of interpretations based on cpx trace REE data (Hellebrand & Snow, 2003) .
The geochemical effects of serpentinization vs seafloor weathering
The literature on serpentinization of mantle peridotites is abundant (e.g. Coleman, 1977; Seyfried & Dibble, 1980; Janecky & Seyfried, 1986; O'Hanley, 1996) , and various models of isochemical and iso-volume reactions have been proposed. It is likely in practice that volume expansion is inevitable during serpentinization because of the formation of low-density serpentines [ $2Á3 g/cm 3 for Mg end-member Mg 3 Si 2 O 5 (OH) 4 despite the production of dense magnetite trails or aggregates] from the dense peridotite minerals (all >3Á2 g/cm 3 ). Indeed, serpentinite diapirs (less dense and positively buoyant) have been observed to be tectonically important (e.g. Coleman, 1977; Nicolas, 1989; Cannat et al., 1992; Cannat, 1993; Cannat & Casey, 1995) . Serpentinization is certainly not isochemical at least in terms of water. As olivine is volumetrically far more abundant than opx and cpx in mantle peridotites, and because olivine is far more prone to serpentinization, we may infer from the Mg/Si ¼ 2 ratio in forsterite olivine (Mg 2 SiO 4 ) to Mg/Si ¼ 1Á5 in magnesian serpentine [Mg 3 Si 2 O 5 (OH) 4 ] that Mg loss would be a natural consequence of serpentinization if no evidence exists for Si addition. The lost Mg could form brucite [Mg(OH) 2 ]; however, the latter is rarely observed in abyssal peridotites (Dick, 1989; Niu & H e ekinian, 1997b) . This reasoning supports the interpretation (see Fig. 2 and related discussion) that the analyzed bulk-rock abyssal peridotites reflect various extents of Mg loss with an average of $10 wt % for the entire dataset. Although this interpretation is sensible, we cannot dismiss the obvious question of where on Earth the lost Mg may have gone to or been stored, and in what form. In fact, the 'Lost City' hydrothermal field on 1Á5 Myr old ocean crust flanking the Mid-Atlantic Ridge at 30 N, which is the only hydrothermal field that is interpreted to be genetically associated with mantle peridotite serpentinization (Kelley et al., 2001) , has vent fluids with very low, not high, Mg ( $3-6 times less than in seawater), consistent with peridotite-dominated fluid-rock interactions observed experimentally (Janecky & Seyfried, 1986; Wetzel & Shock, 2000) . This suggests that near-ridge serpentinization is not associated with Mg loss. Perhaps, the actual near-ridge serpentinization is buffered by the reaction: 2Mg 2 SiO 4 (Forsterite olivine) þ Mg 2 Si 2 O 6 (Enstatite opx) þ 4 H 2 O ¼ 2Mg 3 Si 2 O 5 (OH) 4 (Serpentine), which requires no Mg loss or Si gain (constant atomic ratio Mg/Si ¼ 3/2), but addition of water. Therefore, it is possible that the apparent Mg loss in analyzed bulk-rock abyssal peridotites (Fig. 2) , which are dredged from the seafloor, probably results from the seafloor weathering of serpentine (vs primary olivine and other peridotite minerals) (Snow & Dick, 1995) .
If Mg is not as mobile as widely perceived during the serpentinization process, and because the bulk-rock MgO maintains melting systematics in terms of melting stoichiometry (Fig. 4) as well as correlated variations with moderately incompatible elements (Figs 5 and 11) , it seems likely that serpentinization processes are close to isochemical for most elements considered (see Electronic Appendix 1) except for H 2 O addition. Ca could be mobile, but there is no strong evidence (Fig. 3e) . No rodingite mineral assemblage has been recognized in any of the studied samples. The significant correlations of LREE with HFSE ( Fig. 8 ) and of Ti, Zr, Nb and Th with many other incompatible elements (Fig. 15 ) suggest that these elements are largely unaffected by serpentinization because their behaviors are like those predicted for magmatic systems (see above). These observations are important because they require a serious revision of our ideas about the geochemical consequences of serpentinization, particularly in terms of which elements may be mobile. We suspect that the alkali elements (Li, Na, K, Rb, Cs) and U and Sr, which show rather poor correlations with all other incompatible elements (Fig. 15) , may be mobile during serpentinization. This suspicion, however, may not be correct. For example, U becomes watersoluble or mobile only when it occurs as U 6þ under oxidizing conditions (vs U 4þ , which is water-insoluble and immobile), yet serpentinization occurs under reduced conditions as evidenced by the formation of FeS, native Fe, FeNi and CoNi alloys (e.g. Frost, 1985; O'Hanley, 1996) as well as abundant H 2 , H 2 S and CH 4 (Kelley & Fr€ u uh-Green, 1999; Kelley et al., 2002) . Under such highly reduced conditions, U should occur as U 4þ , which cannot be water-soluble and mobile. Therefore, the variable and highly elevated abundances of U in bulk-rock abyssal peridotites cannot be gained during serpentinization, but must be added under more oxidizing conditions, which are most likely during seafloor weathering. As serpentinization fluids have about twice as much Ca as seawater (Kelley et al., 2002) , we can infer that Sr (which behaves like Ca geochemically) could be mobile during serpentinization and may have been leached out of the serpentinizing peridotites. Serpentinization is obviously open to seawater Na and Cl even though serpentines are neither a source nor a sink for these two elements because serpentinization fluids have essentially the same Na and Cl abundances as seawater (Kelley et al., 2002) .
Existing Sr and Nd isotopic data on abyssal peridotites are consistent with the interpretations presented here (Snow et al., 1993 (Snow et al., , 1994 Wendt et al., 1999; Salters & Dick, 2002 
More on melt-residue complementarity
The statistically significant correlation of residual cpx (vol. %) in abyssal peridotites with Na 8 of spatially associated MORB provides the most convincing evidence that abyssal peridotites are MORB melting residues. With increasing extent of melting, Na, as a moderately incompatible element, decreases in the melt while cpx becomes progressively consumed or depleted in the residues. This interpretation is sensible. However, such complementarity could very well be inherited from fertile MORB-source compositional variation. For example, partial melting of a previously depleted source with low cpx abundances, thus low bulk-rock Na, should yield melts with less Na and even more cpx-depleted residues. Therefore, using Na 8 in MORB melts to infer the extent of mantle melting for MORB genesis and mantle potential temperature is at best an interesting exercise with little practical significance unless there exists independent evidence. The same is true in using spinel compositions and cpx REE to calculate the extent of melting (Hellebrand et al., 2001) .
Interpretations of cpx trace element data in terms of extent of melting for MORB genesis also require an understanding of the fertile source compositional control. For example, Johnson et al. (1990) noted that residual cpx in abyssal peridotite samples dredged from near hotspots (e.g. Bouvet and Marion at the Southwest Indian Ridge) are more depleted in incompatible trace elements than samples dredged away from hotspots, which is interpreted to be consistent with higher extents of melting in hotspot-influenced mantle. However, we should also note that MORB samples from ridges near those same hotspots are more enriched in incompatible elements (e.g. LREE) than MORB samples away from the hotspots (Le Roex et al., 1983 Roex et al., , 1985 . How could it be possible that incompatible elements are more enriched in MORB produced by greater extents of melting of a uniform mantle source? The answer is straightforward. The fertile MORB source materials near the hotspots are more enriched in incompatible elements than MORB source materials away from the hotspots. This suggests that the greater extent of melting or melt depletion near hotspots inferred from residual cpx incompatible elements may not be due to a hot mantle, but because of a compositionally more fertile, and thus, more fusible mantle. Enriched mantle with elevated abundances of incompatible elements, and in particular alkalis and volatiles, will lead to greater extents of melting because of its lowered solidus , producing incompatible element-enriched MORB but more depleted residues. Whether these hotspots (i.e. Bouvet and Marion) are hot or not is unknown, but we do know that the fertile mantle source near the hotspots is more enriched in incompatible elements and volatiles (Le Roex et al., 1983 .
The above suggests that incompatible elements (e.g. LREE) in MORB at these near-hotspot ridges are decoupled from major elements such as Na 2 O. This has been observed in many ridges, in particular the MidAtlantic Ridge at $14 N, where Na 2 O is depleted yet other alkalis, volatiles (popping rocks) and incompatible elements are highly enriched (Bougault et al., 1988) . This is consistent with the source mantle being metasomatized with enriched dikes or veins dispersed in a more depleted harzburgitic matrix (Niu et al., , 2002a . The message is that we should note the importance of fertile mantle compositional (vs temperature) control on MORB petrological and geochemical characteristics.
Some implications for chemical geodynamics
The geochemical characteristics of individual peridotite samples or sample suites may be caused by many factors such as fertile source heterogeneity, alteration and seafloor weathering, as well as more recent melting and melt extraction events involved in ocean crust genesis. However, the 'global' averages should tell us the first-order systematics of the most important processes for a particular element or elements. That is, the less significant effects on those elements should be averaged out. With this in mind, we can discuss some possible implications of the data in the context of chemical geodynamics. Figure 19a compares average bulk-rock compositions of abyssal peridotites with average normal and enriched MORB (N-MORB and E-MORB), oceanic lower-crustal gabbros, and model ocean crust (Niu et al., 2002a (Niu et al., , 2002b on a primitive mantle normalized REE diagram. The overall lower REE abundances of abyssal peridotites than the primitive mantle values are consistent with these peridotites being melting residues. The LREE depletion of model ocean crust is consistent with the depleted fertile MORB source resulting from continental crust extraction in the Earth's early history (e.g. Armstrong, 1968; Gast, 1968; Jacobsen & Wasserburg, 1979; O'Nions et al., 1979; DePaolo, 1980; All e egre et al., 1983; Hofmann et al., 1986) . The weak positive Eu anomaly ( $8%) of the model ocean crust may be real (not necessarily due to the gabbroic effect) because a positive Eu anomaly is common in most depleted and primitive MORB melts erupted or quenched at temperatures above the plagioclase liquidus (Niu & Batiza, 1997 , oceanic gabbros and model ocean crust in terms of REE (a) and other incompatible elements (b) on primitive mantle (Sun & McDonough, 1989; McDonough & Sun, 1995) normalized plots. The higher than expected abundances of more incompatible elements to the left should be noted; these support the suggestion that abyssal peridotites are not simple melting residues. Mobile elements such as Rb, Cs, U, K and Sr (see Fig. 15 ) may be added during serpentinization or seafloor weathering, but Ba, Th, Nb, Ta, Pb and LREE are enriched by post-melting magmatic processes. The subchondritic Nb/Ta ratio of model ocean crust and super-chondritic Nb/Ta ratio in average abyssal peridotites should also be noted.
Eu anomalies
melting. The average $4% negative Eu anomaly of average continental crust (Rudnick & Fountain, 1995) may very well complement the small positive Eu anomalies in the depleted fertile MORB-source mantle. Some positive and negative Eu anomalies in bulk-rock abyssal peridotites (Fig. 6) are probably due to serpentinization or seafloor weathering as is the case for Sr. This interpretation is consistent with the poor Eu-Mg correlation (vs better Sm-Mg and Gd-Mg correlations) in Fig. 11 . These 'individual' anomalies are averaged out (Fig. 19a) . Figure 19b compares average geochemical characteristics of model ocean crust and abyssal peridotites in a primitive mantle normalized multi-element diagram. The complementary relationships between the two for HREE (see Fig. 19a ), Ga and Sc are expected as a result of mantle melting. Whereas the bulk of sub-ridge melting for ocean crust formation takes place in the spinel peridotite stability field, the HREE-Ga-Sc complementarity suggests the preservation or inheritance of some garnet signatures in abyssal peridotites; progressively heavier REE elements, and in particular Sc (perhaps also Ga?), are more compatible in garnet. A small positive Sr anomaly in the model ocean crust may be inherited from the fertile MORB source as may be the case for Eu, if the primitive mantle value for Sr (Sun & McDonough, 1989) is not too low. The number of significant anomalies in the trace element patterns of average abyssal peridotites is remarkable. If we accept the interpretation (see Fig. 15 ) that U, Sr, Rb, Cs and K are due mostly to seafloor weathering, then the elevated abundances of Ba, Th, Nb, Ta, LREE, Be, P, Zr and Hf with respect to the expected melting residues must be due to magmatic refertilization (see Figs 8-10 and 16). As the magmatic enrichments of these elements do not provide a 'smooth' pattern as predicted from MORB melts or model ocean crust, we can infer that the refertilization is a rather complex process. If the refertilization takes place in the TBL as ascending melts migrate through the advanced residues (Fig. 1) , and if the melt-residue interaction is a chromatographic process (see Fig. 18 ), then the bulk distribution coefficients (bulk D values) of all these elements during the 'chromatographic' process must differ from their respective bulk D values during mantle partial melting. As the between-element fractionation is significant (e.g. Nb-Ta, Zr-Hf, Nb-Th, etc.), it is expected that such 'chromatographic' processes must be characteristic of very low melt/rock ratios. Under such conditions, mass-dependent fractionation (such as Nb-Ta and ZrHf; see above) as a result of different diffusion or transport rates or other factors needs to be further investigated (see Fig. 18 ). For example, why are Ba and Th much more enriched than Nb and Ta? Why is Pb much more enriched, at levels higher than in the oceanic crust? If Pb is stored in sulfides, why does Pb correlate so well with the LREE and other highly incompatible elements such as Ba, Th and Nb (Fig. 16) ? Answers to these questions require melt-solid interaction experiments at low melt/ solid ratios.
Straightforward melting signals and signals of melt-residue interactions

Missing-Nb reservoir?
It should be noted that [Nb/Ta] N is <1 in the model ocean crust (Fig. 19b) (Niu & Batiza, 1997; Rudnick et al., 2000) , which is less than the chondritic Nb/Ta ratio of $17Á6. The subchondritic Nb/Ta ratio of both average continental crust ( $12, Taylor & McLennan, 1985; Rudnick & Fountain, 1995) and average MORB melts (Niu & Batiza, 1997) has led to speculation about the existence of a missing Nb reservoir (see above (Wade & Wood, 2001 ). The surprisingly large Nb-Ta (also Zr-Hf) fractionations in abyssal peridotites (Fig. 12 ) may be revealing. Perhaps such huge Nb-Ta and Zr-Hf fractionations are unique to abyssal peridotites. We cannot, however, rule out the possibility that such large fractionations may be widespread, at least atop the oceanic lithosphere as reflected by these peridotites. Although the overall Nb and Ta abundances are low in abyssal peridotites, the mean [Nb/Ta] N > 1 (Fig. 19b) is intriguing. Given the mean Nb/Ta $ 26 much greater than the chondritic value of $17Á6 (mean Zr/Hf $ 45 greater than the chondritic value of $36Á3), and if the volume of the mantle with such degrees of fractionations is significant, then the 'missing Nb' must still be in the mantle. If Nb-Ta (also Zr-Hf) fractionation largely happens in the TBL beneath midocean ridges and if the same process has been taking place since the operation of plate tectonics with Nb-Ta (also Zr-Hf ) fractionated materials (topmost oceanic lithospheric mantle) returning to the deep mantle through subduction zones, we may predict more subchondritic materials to surface in the crust with time if crust-mantle recycling is not perfectly reversible. This hypothetical interpretation requires further testing, but the observations (Fig. 19b) need to be considered in terms of models of Nb-Ta fractionation in the context of chemical geodynamics.
Possible consequences of serpentinized-seafloor subduction
This is a rather complex topic that involves poorly understood details of the geochemical consequences of subduction-zone metamorphism. A detailed account is beyond the scope of this contribution. However, a comparison of serpentinized or weathered abyssal peridotites with other major oceanic lithologies (except for sediments) that have subduction potential may provide some insights into the origin and diversity of mantle compositional and isotopic heterogeneities (Fig. 20) . The following discussion assumes that subduction zone dehydration is incomplete. This assumption is reasonable because serpentines (containing up to 13 wt % water) can be stable up to 7 GPa (at T < 700 C; Ulmer & Trommsdorff, 1995) before being transformed to dense hydrous magnesium silicate phases (DHMS: A, B, D-F-G and G) at greater pressures ( $5-50 GPa) (e.g. Frost, 1999; Williams & Hemley, 2001 ). These phases would carry not only a large quantity of water ( $3-20 wt %) but probably also chemical elements characteristic of the serpentines (e.g. Figs 19 and 20) into the deep mantle (Kuroda & Irifune, 1998) . Figure 20 compares serpentinized and weathered abyssal peridotites with MORB, island arc basalts (IAB), ocean island basalts (OIB), oceanic gabbros, serpentinized Mariana forearc peridotites, and both fresh and serpentinized Tonga forearc peridotites in U-Th, Pb-Th, Pb-U and Rb/Sr-U/Pb spaces. The fresh Tonga forearc peridotites plot at the most depleted end of the magmatic trends defined by basaltic rocks in U-Th, Pb-Th and Pb-U spaces, but abyssal peridotites and serpentinized Niu (unpublished data, 2004) . Open circles with letters are respective averages. Average OIB, PM and C1 values are from Sun & McDonough (1989) , and CC (bulk continental crust) from Rudnick & Fountain (1995) . Among all these elements, U, Rb and Sr are shown to be mobile (Fig. 15) , and all have been added to the expected melting residues. In particular, the fresh unserpentinized Tonga forearc peridotites plot at the most depleted end of the magmatic U-Th array, yet serpentinized and weathered abyssal and forearc peridotites are highly enriched in U, leading to elevated U/Pb ratios. Of all the lithologies considered, serpentinized and weathered abyssal peridotites (also forearc peridotites) have the highest U/Pb. and weathered forearc peridotites have elevated abundances of U (to a lesser extent Pb). In Rb/Sr vs U/Pb space, abyssal peridotites and serpentinized and weathered forearc peridotites have variably higher U/Pb ratios (1-70) than any other oceanic rocks and fresh forearc peridotites yet have relatively low Rb/Sr ratios (0Á0003-0Á15). If such geochemical signatures in serpentinized peridotites are preserved along with H 2 O in these rocks transported deep into the mantle (see above), serpentinized and weathered seafloor peridotites may be the most promising sources that contribute to the HIMU isotopic signatures of some OIB. Subduction of oceanic lithosphere with a subduction-zone processed crust on the top, with serpentinized seafloor peridotites (including possible deep serpentinization at the trench-outer-rise) in the middle and with a low-velocity-zone metasomatized peridotite section at the base will undoubtedly contribute to small-scale and largeamplitude compositional heterogeneities in the Earth's mantle (Niu et al., , 2002a .
SUMMARY
(1) This paper presents the very first bulk-rock major and trace element data on $130 abyssal peridotite samples from the Pacific and Indian ocean ridgetransform systems. The data reveal a number of surprises about the petrogenesis of these rocks, mantle melting and melt extraction processes beneath mid-ocean ridges, and elemental behaviors yet to be understood. The data, when considered in a global context, have far-reaching implications.
(2) Although abyssal peridotites are variably serpentinized, and may have also experienced seafloor weathering, magmatic signatures remain well preserved in bulk-rock compositions in terms of most major and trace elements, even though there is some obvious MgO loss, probably because of seafloor weathering.
(3) Despite some obvious MgO loss, the better inverse correlation of MgO with progressively heavier REE is consistent with bulk-rock cpx control, and thus, in general, with the extent of melt depletion. The latter, particularly as reflected in HREE, may either result from recent sub-ridge mantle melting or be inherited from MORB-source variations as a result of previous melt extraction events.
(4) LREE in bulk-rock samples are significantly more enriched, not more depleted, than in the constituent residual cpx of the same sample suites previously studied. If the residual cpx records recent sub-ridge mantle melting, then the bulk-rock LREE reflect post-melting refertilization. The significant correlations of LREE (i.e. La, Ce, Pr, Nd) with HFSE (e.g. Nb and Zr) indicate that the enrichments of both LREE and HFSE resulted from a common magmatic process, not serpentinization or seafloor weathering. The refertilization takes place in the 'cold' TBL beneath mid-ocean ridges, where the ascending melts migrate through and interact with the advanced residues. The magmatic refertilization did not affect the cpx relics that were analyzed for trace elements. It is possible that the ascending melts that percolate along grain boundaries in the TBL might affect only the cpx rims, which were subsequently serpentinized, and thus not analyzed for trace elements.
(5) The over two orders of magnitude variations in Zr/Hf and Nb/Ta ratios are unexpected. The statistically significant correlation between the two ratios (R Nb/Ta-Zr/Hf ¼ 0Á698 with N > 130) is consistent with the observations in basalts and experimental data that D Zr < D Hf and D Nb < D Ta . However, we do not really understand yet in theory why D Zr /D Hf < 1 and D Nb / D Ta <1 should be the case because of (a) the identical charges (5 þ for Nb and Ta and 4 þ for Zr and Hf) and (b) essentially the same ionic radii (R Nb /R Ta ¼ 1Á000 and R Zr /R Hf ¼ 1Á006-1Á026 for coordination numbers of 6, 7, 8 and 12) of the two elemental pairs. Considering the observation that for two elements of 'identical' chemical properties, the lighter one is more incompatible than the heavier one (mass ratios: M Zr /M Hf ¼ 0Á511 and M Nb / M Ta ¼ 0Á513) allows the hypothesis that mass-dependent diffusion or mass-transfer rates may play an important role in causing Nb-Ta and Zr-Hf fractionations. This hypothesis needs testing.
(6) Whereas the correlated Nb/Ta-Zr/Hf variation in seafloor basalts is mostly inherited from fractionated ratios in their mantle sources related to previous melting and enrichment events, it is hypothesized that the large Nb/Ta and Zr/Hf fractionations in abyssal peridotites result from a chromatographic process during melt ascent through advanced residues in the TBL under conditions of very low melt/rock ratios. There is the possibility that some 'exotic' phases with fractionated Nb/Ta and Zr/Ha ratios may preexist in the MORB mantle sources that survived from recent melting events. All these hypotheses need testing.
(7) The observations that the post-melting magmatic refertilization of the advanced residues in the TBL did not affect the relics of cpx previously studied, and that excess olivine (observed on thin-section scales) crystallized from the ascending cooling melts suggest that abyssal peridotites record snapshots of porous melt flow (along grain boundaries) in the TBL beneath mid-ocean ridges. Channeled flows inferred from dunite dikes or veins in ophiolites may be important, but abyssal peridotites are arguably materials sampled away from those probable dunite dikes or veins.
(8) Although the complementarity between modes (cpx vol. %) and mineral compositions (Mg-number of olivine, opx and cpx, and Cr-number of spinel) of abyssal peridotites and compositions (e.g. Na 8 ) of spatially associated MORB suggest that abyssal peridotites are melting residues of MORB (not simple residues though), there is no clear justification that Na 8 in MORB or cpx mode in abyssal peridotites genuinely reflects the extent of mantle melting beneath mid-ocean ridges, nor that such inferred extent of melting reflects sub-ridge mantle potential temperature variations. The complementarity could very well be inherited from the fertile mantle sources. Caution is thus necessary when using MORB compositions to interpret the extent of sub-ridge mantle melting and mantle potential temperature.
(9) Serpentinization and seafloor weathering have not obliterated the magmatic signatures in the bulk-rock compositions of abyssal peridotites. This by no means suggests that no elements have been mobilized, but does suggest that the spatial scale of the mobility is not significantly greater than the size of samples studied. It is possible that the observed geochemical scattering may be significantly reduced if the size of the samples available for study is larger. Rb, Cs, K, Sr and U are obviously mobile, probably as a result of seafloor weathering.
(10) Abyssal peridotites have very high U abundances and the highest U/Pb ratios ( $1-70) among oceanic rocks. If subduction zone dehydration is incomplete, then subduction of these rocks into deep mantle may contribute to the HIMU signatures in some OIB sources.
ACKNOWLEDGEMENTS
I am honored to contribute to the special volume in honor of Michael J. O'Hara for his tremendous scientific contributions to our field in understanding the petrogenesis of mafic and ultramafic rocks on the Earth and its Moon. Numerous stimulating discussions Mike and I have had during my Cardiff years (2001) (2002) (2003) and ever since are always valuable and remembered. I sincerely thank Roger H e ekinian, Bob Fisher, Henry Dick and Pat Castillo for their generosity in providing samples for this study. I thank the Australian Research Council for support for the analytical work done during my tenure at The University of Queensland. Kathleen Mahoney and Peter Colls are thanked for helping with sample preparation and making thin sections. Robert Cirocco and Alan Greig are thanked for analytical assistance. I also thank the University of Houstan, Beijing University and the National Science Foundation of China for support during the preparation and finalization of the paper. Discussion with Wolfgang Bach, Henry Dick, Fred Frey, Dave Green, Roger H e ekinian, Claude Herzberg, Bill McDonough and Mike O'Hara has been helpful. Journal reviewers Wolfgang Bach, Jim Natland and an anonymous one are thanked for their constructive comments on an early version of the manuscript. Constructive comments and great editorial effort by Marjorie Wilson and Alastair Lumsden have improved the paper significantly, for which, and for their exceptional patience, I am grateful.
SUPPLEMENTARY DATA
Supplementary data for this paper are available at Journal of Petrology online.
